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Parkinson’s Disease-Linked LRRK2-G2019S Mutation Alters
Synaptic Plasticity and Promotes Resilience to Chronic
Social Stress in Young Adulthood
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The G2019S mutation in leucine-rich repeat kinase 2 (LRRK2) is a prevalent cause of late-onset Parkinson’s disease, producing psychi-
atric and motor symptoms, including depression, that are indistinguishable from sporadic cases. Here we tested how this mutation
impacts depression-related behaviors and associated synaptic responses and plasticity in mice expressing a Lrrk2-G2019S knock-in
mutation. Young adult male G2019S knock-in and wild-type mice were subjected to chronic social defeat stress (CSDS), a validated
depression model, and other tests of anhedonia, anxiety, and motor learning. We found that G2019S mice were highly resilient to CSDS,
failing to exhibit social avoidance compared to wild-type mice, many of which exhibited prominent social avoidance and were thus
susceptible to CSDS. In the absence of CSDS, no behavioral differences between genotypes were found. Whole-cell recordings of spiny
projection neurons (SPNs) in the nucleus accumbens revealed that glutamatergic synapses in G2019S mice lacked functional calcium-
permeable AMPARs, and following CSDS, failed to accumulate inwardly rectifying AMPAR responses characteristic of susceptible mice.
Based on this abnormal AMPAR response profile, we asked whether long-term potentiation (LTP) of corticostriatal synaptic strength was
affected. We found that both D1 receptor (D1R)- and D2R-SPNs in G2019S mutants were unable to express LTP, with D2R-SPNs abnor-
mally expressing long-term depression following an LTP-induction protocol. Thus, G2019S promotes resilience to chronic social stress in
young adulthood, likely reflecting synapses constrained in their ability to undergo experience-dependent plasticity. These unexpected
findings may indicate early adaptive coping mechanisms imparted by the G2019S mutation.

Key words: chronic social defeat stress; LRRK2; LTP; nucleus accumbens; resilience; striatum

Introduction
Leucine-rich repeat kinase 2 (LRRK2) is a large, multifunctional
protein comprising a kinase and GTPase catalytic core and other

domains (Mata et al., 2006). Pathogenic mutations within the
catalytic core contribute to late-onset familial Parkinson’s disease
(PD), with the LRRK2-G2019S missense mutation, which is lo-
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Significance Statement

The G2019S mutation in LRRK2 causes late-onset Parkinson’s disease (PD). LRRK2 is highly expressed in striatal neurons
throughout life, but it is unclear how mutant LRRK2 affects striatal neuron function and behaviors in young adulthood. We
addressed this question using Lrrk2-G2019S knock-in mice. The data show that young adult G2019S mice were unusually resilient
to a depression-like syndrome resulting from chronic social stress. Further, mutant striatal synapses were incapable of forms of
synaptic plasticity normally accompanying depression-like behavior and important for supporting the full range of cognitive
function. These data suggest that in humans, LRRK2 mutation may affect striatal circuit function in ways that alter normal
responses to stress and could be relevant for treatment strategies for non-motor PD symptoms.
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cated in the kinase domain and increases kinase activity 2- to
3-fold, the most prevalent, accounting for 1–30% of all PD de-
pending on the population (West et al., 2005; Jaleel et al., 2007;
Healy et al., 2008; Paisán-Ruiz et al., 2013). Disease progression
in LRRK2-G2019S carriers is clinically indistinguishable from
idiopathic cases, suggesting common underlying mechanisms of
pathogenesis. In particular, psychiatric symptoms, including de-
pression and anxiety, are common non-motor symptoms in both
LRRK2-G2019S and idiopathic PD patients (Ishihara and
Brayne, 2006; Gaig et al., 2014), often first appearing earlier than
the onset of motor symptoms (Hawkes et al., 2010; Gustafsson et
al., 2015; Pont-Sunyer et al., 2015). The neurobiology underlying
PD-associated non-motor symptoms is largely unknown.

LRRK2 expression is enriched in cortex, and dorsal and ven-
tral striatum, including the nucleus accumbens (NAc), in mice
and humans (Taymans et al., 2006; Higashi et al., 2007; Lee et al.,
2010). Although LRRK2 is expressed throughout life, expression
levels in mouse striatum rise rapidly during early postnatal life
coincident with ingrowth and establishment of corticostriatal
and other excitatory afferent circuitry (Tepper et al., 1998; Gies-
ert et al., 2013). This suggests an early role for LRRK2 in devel-
oping striatal circuits (Parisiadou et al., 2014), which could
become modified by the G2019S mutation. Indeed, we showed
previously in mice carrying a homozygous knock-in Lrrk2-
G2019S mutation that corticostriatal afferent activity is signifi-
cantly elevated and dendritic spines of striatal spiny projection
neurons (SPNs) are abnormally enlarged at 3 postnatal weeks
(Matikainen-Ankney et al., 2016). Part of these findings was con-
firmed recently with a different Lrrk2-G2019S knock-in line of
mice (Volta et al., 2017). Behavioral consequences of such early
synaptic changes are unknown. Although Lrrk2-G2019S knock-in
mice do not exhibit PD-like, age-related degeneration of dopa-
mine neurons, the impact of G2019S mutation on circuit func-
tion and behavior in humans before PD motor-symptom onset is
not well understood. Thus, Lrrk2-G2019S knock-in mice are
valuable tools for understanding mechanistically how mutant
LRRK2 affects cells, circuits, and behaviors throughout life. In
other studies, LRRK2-G2019S overexpression or knock-in mice
show behavioral abnormalities, including anxiety and depression-
like behaviors, evident only by 10 –12 months of age, with a mild
hyperkinesis evident at younger ages (Longo et al., 2014; Volta et
al., 2015, 2017; Yue et al., 2015; Lim et al., 2018). This has led to
the idea that despite early abnormalities in striatal circuitry of
G2019S mice, significant behavioral consequences are relatively
dormant until much later.

The NAc is critical for motivation and reward, and is involved
in psychiatric disorders linked to stress including depression and
anxiety (Carlezon et al., 2005; Bosch-Bouju et al., 2016; Han and
Nestler, 2017). Social isolation and anhedonia, core features of
depression, can be modeled in mice by chronic social defeat stress
(CSDS), a paradigm of repeated physical subordination (Christ-
offel et al., 2011b). After undergoing CSDS, wild-type mice (WT)
are either susceptible to the effects of chronic social stress, dis-
playing significant social avoidance and anhedonia-like behav-
iors, which can be reversed by chronic antidepressants (Tsankova
et al., 2006; Golden et al., 2011), or are resilient to CSDS, display-
ing social behavior similar to control (unstressed) mice. Impor-
tantly, behavioral resilience and susceptibility both represent

distinct programs of synaptic and other adaptations in striatal
circuits in response to stress, including persistent modifications
of synaptic strength and excitability (Christoffel et al., 2011a;
Francis and Lobo, 2017). PD patients may respond differently to
psychological stress (Smith et al., 2002; Austin et al., 2016), but
how LRRK2-G2019S affects behavioral and synaptic adaptations
to chronic social stress is unknown. We address this with a com-
bination of behavioral and synaptic electrophysiological analyses
of young adult Lrrk2-G2019S knock-in mice.

Materials and Methods
Mice. Lrrk2-G2019S knock-in (GSKI) mice were generated by Eli Lilly
and were characterized previously (Matikainen-Ankney et al., 2016).
Male homozygous GSKI mice (10 –12 weeks old) and age- and strain-
matched male WT mice were used in all behavioral analyses. Mice used in
the study were congenic on C57BL/6NTac background and bred as ho-
mozygotes unless otherwise noted. The GSKI mice were backcrossed to
WT C57BL/6NTac every fourth generation to prevent genetic drift. All
WT mice were bred in Mount Sinai’s vivarium and were reared under
conditions that were identical to those of the GSKI mice. CD1 retired
breeders (Charles River Laboratories) were �4 months old for CSDS.
LTP experiments were conducted on brains of male or female, 10- to
12-week-old homozygous GSKI and WT mice and when noted, 10- to
12-week-old heterozygous GSKI mice (male or female) expressing either
tdTomato under control of the dopamine receptor 1a promoter [B6.Cg-
Tg(Drd1a-tdTomato)6Calak/J; strain 016204, The Jackson Laboratory]
or eGFP under control of the dopamine receptor 2 promoter [Tg(Drd2-
EGFP)S118Gsat; strain of origin: FVB/NTac] as described previously
(Matikainen-Ankney et al., 2016). Genotypes were confirmed by PCR
and sequencing. Animal procedures were approved by Mount Sinai’s
Institutional Animal Care and Use Committee and conformed to Na-
tional Institutes of Health guidelines.

CSDS. Mice were subjected to 10 d CSDS (10 daily, 10 min defeat
interactions with a novel CD1 aggressor), then social avoidance was as-
sessed 24 h after the last defeat by a two-stage social interaction (SI) test as
described previously (Golden et al., 2011). Unstressed control mice
(GSKI and WT) were handled similarly, but were never exposed to ag-
gressors. SI behavior was calculated as follows:

SI �
tpresent

tabsent
.

Where tpresent and tabsent are the times spent in the interaction zone with
the novel aggressor present or absent, respectively. Mouse movement
was continuously tracked (EthoVision 3.0, Noldus).

Sucrose preference and splash tests. Unstressed and post-CSDS WT and
GSKI mice were subjected to a two-bottle choice paradigm (water or 1%
sucrose solution) for 48 h. Amount of sucrose consumed was determined
daily. For splash tests, a 10% sucrose solution was sprayed on the lower
back and grooming behavior was captured using a video camera. Both
tests were as described previously (Hodes et al., 2015).

Rotarod. Mice were tested on an accelerating rotarod daily for 4 d. Each
trial (n � 4 on Day 1, n � 3 on Days 2– 4) began at 4 rpm, steadily
accelerating to 40 rpm over 300 s. The elapsed time before falling off the
rotarod was recorded.

Elevated plus maze. Mice were placed in the center of an elevated plus
maze. Mouse movement was tracked and scored automatically (EthoVi-
sion 11, Noldus). Cumulative time spent in open arms, closed arms or
center was compared across groups as described previously (Gofflot et
al., 2007).

Immunoblotting. Whole striatal lysates or striatal synaptoneurosomes
were prepared from 10- to 12-week-old WT or GSKI mice as described
previously (Nikitczuk et al., 2014; Matikainen-Ankney et al., 2016).
Western blotting was performed by Shakti BioResearch and was inde-
pendently verified in our laboratory. Primary antibodies to GluA1 (rab-
bit mAB 13185, 1:1000; Cell Signaling Technology; RRID:AB_2732897)
or GluA2 (mouse mAB, 1:500; MABN1189, Millipore) were visualized
with secondary antibodies (DyLight 800, Cell Signaling Technology;
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RRID:AB_10697505; and DyLight 680, Pierce) and imaged using a LI-
COR Odyssey CLX imager (LI-COR Biosciences). ImageJ (NIH) was
used to determine protein levels via band intensity normalized to an actin
loading control.

Immunohistochemistry. Perfused tissue sections through striatum were
immunofluorescently labeled as described previously (Matikainen-
Ankney et al., 2016) with antibodies against GluA2 (1:1000; clone 6C4,
BD Biosciences, catalog #556341; RRID:AB_396373) and visualized with
AlexaFluor 488-conjugated secondary antibodies (1:500; Jackson Im-
muno Research, catalog 715-545-150; RRID:AB_2340846). Single opti-
cal images were captured on a Zeiss LSM 780 confocal microscope.
Immunofluorescent puncta were quantified using NIH ImageJ after a
thresholding function was applied. Image acquisition and analysis were
conducted by an experimenter blind to genotype.

Electrophysiology. Whole-cell patch-clamp recordings from SPNs were
conducted on acute coronal slices from 10- to 12-week-old mice as de-
scribed previously (Matikainen-Ankney et al., 2016). All recordings were
conducted at 31°C in an immersion chamber containing Gabazine (GBZ;
10 �M). Recordings were made with a MultiClamp 700B amplifier (Mo-
lecular Devices) in both voltage- and current-clamp modes. Analog sig-
nals were low-pass filtered, digitized, and analyzed with pClamp10
software (Molecular Devices).

SPNs were visualized on an upright epifluorescence microscope
(BX50WI, Olympus) using a 40� water-immersion lens and an IR-1000
infrared CCD monochrome video camera (DAGE MTI). For experi-
ments using tdTomato or eGFP reporter mice, D1R- or D2R-expressing
SPNs were positively identified based on the presence of red or green
fluorescence, respectively. Whole-cell recordings from SPNs were per-
formed with glass micropipettes pulled from borosilicate glass capillaries
using a P-87 micropipette puller (Sutter Instruments). The pipette resis-
tance was 2– 4 M�. To record spontaneous EPSCs (sEPSCs), electrodes
were filled with an intracellular solution containing the following (in
mM): 124 K-gluconate, 10 HEPES, 10 phosphocreatine di(Tris), 0.2
EGTA, 4 Mg2ATP, 0.3 Na2GTP, and (0.3%) biocytin. Osmolarity of the
intracellular solution was adjusted to 280 –290 mOsm and pH was ad-
justed to 7.3. sEPSCs were analyzed using Mini Analysis software with
thresholds set at 6 (pA) for amplitude and 15 (pAms) for area. To identify
SPNs electrophysiologically, after recording sEPSC activity in voltage-
clamp (5–10 min), we switched to current-clamp mode and applied a
series of depolarizing current pulses (10 s interpulse intervals, 500 ms
long pulses, 20 pA current intervals), which allowed us to confirm SPN
identity by characteristic action potential firing patterns described pre-
viously (Fino et al., 2008). Applied drugs were administered to the slice
via a peristaltic pump (Cole-Parmer), and pump speed was adjusted so
that solutions reached the slice 1.5 min after the start of application.

AMPAR rectification was assessed in NAc core SPNs by measuring
evoked EPSC amplitudes at holding potentials from �80 to �40 mV.
D-APV (40 �M) and GBZ (10 �M) were bath-applied to block NMDAR
and GABAAR activity, respectively. The stimulating electrode was located
�2 mm lateral to the NAc core. Rectification index (RI) was calculated as
described previously (Goffer et al., 2013). SPNs in the NAc core were
clamped at 0 mV and the liquid junction potential was adjusted to reflect
the true glutamatergic reversal potential. RI was calculated as follows:

RI �
(I�80 mV)/(80 � Erev)

(I�40 mV)/(40 � Erev)

where I�80mV and I�40mV are the absolute values of the average current
amplitudes at �80 and �40 mV, respectively (Goffer et al., 2013), and
Erev is the reversal potential of each cell, calculated by linear interpola-
tion. For this experiment the internal pipette solution contained the
following (in mM): 115 K-gluconate, 20 KCl, 1.5 MgCl2, 10 HEPES, 10
phosphocreatine di(Tris), 2 Mg2ATP, 0.5 Na2GTP, 1 QX-314, (0.3%)
biocytin, and 0.1 spermine (Bowie and Mayer, 1995; Kamboj et al., 1995).
AMPAR current–voltage ( I–V) curves were recorded in mice 2–17 d after
SI tests.

Functional Ca 2�-permeable AMPAR (CP-AMPAR) responses were
assessed in NAc core SPNs. Evoked AMPAR responses were determined
at baseline before and after bath-application of the CP-AMPAR antago-

nist 1-naphthyl acetyl spermine (NASPM; 200 �M in 1:100 DMSO). An
average of nine evoked EPSCs (baseline and after NASPM) for each cell
were used to determine the ratio reported in Figure 2.

Long-term potentiation (LTP) of corticostriatal synapses was assessed
by whole-cell recordings from SPNs in dorsomedial striatum. The stim-
ulating electrode was located medially at the layer 6/white matter border
where intact corticostriatal connections are preserved (Matikainen-
Ankney et al., 2016). This allowed greater certainty in stimulating corti-
costriatal afferents, which is confounded when stimulating in the NAc
because of the convergence of excitatory afferents from many sources.
LTP of corticostriatal synaptic strength was generated by pairing brief
postsynaptic depolarization (to 0 mV, 10 min) with low-frequency affer-
ent stimulation (0.1 Hz) as described previously (Feldman, 2000). For
LTP experiments, the bath solution consisted of aCSF composed of
the following (in mM): 117 NaCl, 2.5 KCl, 1.2 MgSO4, 3.5 CaCl, 1.2
NaH2PO4, 24.9 NaHCO3, and 20 glucose. The intracellular solution con-
tained the following (in mM): 120 Cs-methanesulfonate, 10 HEPES, 0.5
EGTA, 8 NaCl, 5 TEA-CL, 4 Mg-ATP, 0.4 NaGTP, and 10 phosphocre-
atine. Series resistance was measured continuously throughout with 5
mV and 100-ms-long hyperpolarizing pulses. If series resistance changed
�30% from the average baseline value, that cell would be discarded. Only
one recording was performed per brain slice. Off-line analysis was per-
formed using Clampfit (Molecular Devices) and Mini Analysis software
(Synaptosoft).

Experimental design and statistical analyses. Statistical comparison of
two groups was conducted using two-tailed Student’s t tests. For com-
parison of more than two groups, Bartlett’s test for equal variance was
performed; subsequent one-way ANOVAs were conducted to compare
across groups with equal variances (Bartlett’s p � 0.05). Bonferroni post
hoc tests were used for multiple comparisons where appropriate. To
compare data from multiple groups over time, two-way ANOVA were
performed. Fisher’s exact test was used to compare CSDS outcomes
contingent upon genotypes. Pearson bivariate correlations were used to
assess predictive relationships between two variables. Cumulative prob-
ability distributions were compared using Kolmogorov–Smirnov tests. A
p value 	0.05 was considered significant. Analyses used SAS statistical
software v9.4 or GraphPad Software Prism v5.01. Data are presented as
mean values 
 SEM. Numbers are listed as follows: n � numbers of cells
(numbers of mice) and are given in figure legends.

Results
LRRK2-G2019S promotes resilience to chronic social
defeat stress
The G2019S mutation increases LRRK2 kinase activity 2- to
3-fold (West et al., 2005; Jaleel et al., 2007), and recent studies
using pharmacological blockade of LRRK2 kinase activity or a
knock-in mutation that renders LRRK2 kinase-dead confirm an
abnormal gain-of-kinase function in the G2019S mice (Matikainen-
Ankney et al., 2016; Volta et al., 2017). We subjected young adult
(10-week-old) male WT and GSKI mice to CSDS. In this para-
digm (Fig. 1A), mice undergo 10 consecutive days of brief (10
min) periods of social defeat through physical interaction and
subordination by a larger aggressor. In between, mice maintain
sensory contact with their aggressor through a perforated cage-
divider. On the 11th day, socially stressed mice and unstressed
controls are tested in a SI test. Briefly, mice are allowed to explore
an arena in the absence and subsequent presence of a novel social
target (Fig. 1A,B). An SI ratio is defined by time spent exploring
the interaction zone when a social target is present divided by
time in the interaction zone when the social target is absent. Mice
with an SI ratio 	 1 are susceptible to CSDS, displaying social
avoidance and other depression-like behaviors that can be re-
versed by chronic treatment with antidepressants (Berton et al.,
2006; Tsankova et al., 2006), whereas mice with an SI ratio � 1 do
not display social avoidance, despite defeat experience, and are
thus resilient to CSDS (Golden et al., 2011).
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Following CSDS, all mice were divided into resilient and sus-
ceptible subpopulations based on their SI ratios. WT mice (n �
14) showed the expected frequencies (resilient: n � 8, 57.1%;
susceptible: n � 6, 42.9%; Fig. 1C,F). In contrast, all GSKI mice

that underwent CSDS (n � 15), except one, were resilient (n �
14, 93.8%), a significantly larger proportion of resilient animals
in comparison with WT mice (Fig. 1C,F). In WT mice, SI ratios
were correlated with time spent interacting with a novel social

Figure 1. LRRK2–G2019S promotes resilience to CSDS. A, Schematic showing the 10-day CSDS paradigm and SI test. B, Representative locomotion traces (red lines) of individual mice showing
movement during the SI test. C, A significantly greater fraction of GSKI mice are resilient to CSDS ( p � 0.0309, Fisher’s exact test, n � 14 WT and 16 GSKI). D, Scatter plots of unstressed (control)
and stressed WT and GSKI SI ratios versus time spent in interaction zone (in seconds) when social target is present. There is a significant correlation between these variables for WT mice (left; p �
0.0001, Pearson correlation), but not for GSKI mice (right; p � 0.3743, Pearson correlation). E, Time in the interaction zone for WT mice (left, gray symbols) or GSKI mice (right, blue symbols) in the
absence (triangles) or presence (circles) of a social target. WT control (con) and WT resilient (res) mice spend significantly more time in the interaction zone when the social target is present compared
with susceptible (sus) WT mice ( p � 0.0001, F � 11.41, n � 8 control, 14 CSDS; 8 WT res, 6 WT sus). Resilient GSKI mice also spend significantly more time in the interaction zone when a novel social
target is present ( p � 0.0004, F � 5.792, n � 8 control, 16 CSDS; 15 GSKI res, 1 GSKI sus). F, The time spent in the interaction zone with a novel social target was normalized to time spent in the
interaction zone without a social target to calculate the SI ratio. Comparisons of SI ratios across genotypes show that WT SI ratios were significantly decreased in susceptible but not resilient mice
compared with unstressed controls, whereas all but one GSKI mouse exhibited resilient SI ratios ( p � 0.00001, F � 6.607, n � 8 control mice per genotype, 6 WT susceptible, 8 WT resilient, n �
1 GSKI susceptible and 15 GSKI resilient). G, After CSDS, GSKI mice spent significantly more time grooming during sucrose splash test in comparison with WT mice ( p � 0.0146, F � 4.376, n � 4
con, 9 CSDS mice per genotype). H, there were no significant differences between GSKI and WT mice in sucrose consumption either before or following CSDS ( p � 0.137, F � 2.046, n � 4 con, 9
CSDS mice per genotype). One-way ANOVA with Bonferroni post hoc tests for multiple comparisons conducted in E–H. *p � 0.05, **p � 0.01, ***p � 0.001, ****p � 0.0001. Error bars represent
S.E.M.
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target (Fig. 1D), but in GSKI mice these two measures were un-
correlated (Fig. 1D). Together, these data suggest that the G2019S
mutation disrupts normal behavioral responses to chronic social
stress.

In the absence of CSDS, G2019S mice did not show altered
social interaction behavior. There were no differences between
WT and GSKI control (non-defeated) groups in time spent in the
interaction zone when a social target was present (Fig. 1E) nor in
mean SI ratios (Fig. 1F). Additionally, the abnormally high pro-
portion of GSKI mice displaying resilience to chronic social de-
feat stress could not be attributed to general alterations in
locomotor or exploratory activity conferred by the mutation be-
cause, in the absence of the social target, there were no significant
differences between WT and GSKI mice in the amount of time
spent exploring the interaction zone (Fig. 1E) or corner zones
(p � 0.5693, F � 0.6799, one-way ANOVA with Bonferroni post
hoc comparisons), nor in average distance traveled as they ex-
plored the arena (WT mean: � � 1050 
 57.3 cm, n � 23; GSKI:
� � 1027 
 36.31 cm, n � 25, p � 0.7263, F � 2.291, Student’s t

test). A separate cohort of socially unstressed mice exposed to an
accelerating rotarod test showed no significant differences in la-
tency to fall compared with WT (p � 0.4449 for genotype inter-
action, F � 0.6208, two-way repeated-measures ANOVA; n � 7
WT, 8 GSKI). Together, these data indicate that the LRRK2-
G2019S mutation confers resilience to chronic social stress in
young adult male mice, without affecting baseline levels of socia-
bility, locomotion, or motor skill acquisition.

LRRK2-G2019S mice display altered levels of self-care
following CSDS
Lack of self-care and anhedonia are also associated with depres-
sion in humans. Thus, we tested whether resilience of GSKI mice
to CSDS was associated with altered self-care and anhedonia-like
behaviors by subjecting WT and GSKI mice to a sucrose splash
test, which measures self-care (Menard et al., 2017), and a 2 d
sucrose preference test following CSDS. There were no differ-
ences between WT and GSKI mice in time grooming in the splash
test before CSDS, but post-CSDS, GSKI mice spent significantly

Figure 2. NAc synapses in G2019S mice lack CP-AMPARs at baseline. A, Sample traces for evoked AMPAR currents recorded from SPNs at two membrane potentials. Recordings were done on
unstressed control (con) WT (gray) or GSKI (blue) mice. B, AMPAR I–V relationships for SPNs recorded from WT and GSKI control mice (n � 8 cells from 4 mice per genotype). C, Example traces
showing AMPAR currents recorded from NAc synapses at baseline before (solid line) and after (dotted line) bath-application of the CP-AMPAR antagonist NASPM (200 �M, 10 min). GSKI AMPAR
currents were insensitive to NASPM. D, Plot showing quantification of data shown in C. EPSCs evoked in the presence of NASPM normalized to baseline (DMSO, 1:100). WT EPSC mean amplitude
decreases after NASPM significantly more than GSKI. p � 0.0028, F � 2.599, n � 7(4) WT, n � 7(4) GSKI. Student’s t test. E, Sample traces of sEPSCs recorded from WT and GSKI NAc SPNs. F, Plots
showing average amplitudes of sEPSCs. GSKI have a significantly lower average sEPSC amplitude ( p � 0.0351, F � 1.967; WT: n � 10(4), GSKI: n � 13(5), Student’s t test. G, Cumulative probability
distributions of sEPSC amplitudes of the first 50 events per cell from WT (gray) or GSKI (blue) SPNs. Leftward shift is significant, p � 0.001, WT n � 10(4), GSKI, n � 13(5), Kolmogorov–Smirnov
test. Inset, Binned data of spine head widths. *p � 0.05, **p � 0.01, ***p � 0.001. Error bars represent S.E.M.
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greater time grooming in comparison with WTs (Fig. 1G). In con-
trast, there were no significant differences between genotypes in su-
crose consumption either before or following CSDS (Fig. 1H). We
also tested whether GSKI mice showed differences in anxiety-like
behavior before or following CSDS by allowing GSKI and WT mice
to explore an elevated plus-maze. However, neither in unstressed
(control) cohorts nor in cohorts post-CSDS did we find any differ-
ences between genotypes in time spent in the open arms, center, or
closed arms (open arms: p � 0.9108, F � 0.1771; center: p � 0.2138,
F � 1.618; closed arms: p � 0.5217, F � 0.7726; n � 4 control and 9
CSDS per genotype; one-way ANOVA with Bonferroni post hoc
tests). Thus, GSKI mice respond differently than WT mice to
CSDS, displaying robust resilience and lower levels of
anhedonia-like behaviors. However, in the absence of CSDS,
they do not show any differences with WT mice in these be-
havioral domains, nor in anxiety-like behavior.

Smaller contribution of calcium-permeable-AMPARs at NAc
synapses in G2019S mice
AMPAR responses at striatal synapses are dynamic, displaying
experience-dependent plasticity in a variety of behavioral and ex-
perimental contexts including social or restraint stress (Lim et al.,
2012; Christoffel et al., 2015; Francis et al., 2015), cocaine (Britt et

al., 2012; Ma et al., 2014; Khibnik et al.,
2016), and LTP (Ma et al., 2018). Previous
studies established that the G2019S muta-
tion alters striatal glutamatergic synapses
functionally and structurally during early
postnatal life (Matikainen-Ankney et al.,
2016). This suggests that AMPAR re-
sponses in the NAc differ from WT syn-
apses, thus possibly altering the normal
distribution of behavioral responses to so-
cial stress. To investigate this, we com-
pared AMPAR responses at WT and GSKI
NAc synapses at baseline and following
CSDS as a potential basis for the prepon-
derance of resilient GSKI mice following
CSDS.

AMPARs that lack edited GluA2 are
calcium-permeable (CP) and display
nonlinear AMPAR I–V relationships be-
cause of inward rectification at positive
membrane voltages (Hume et al., 1991;
Verdoorn et al., 1991). We interrogated
baseline AMPAR-mediated I–V relation-
ships by whole-cell recording from NAc
SPNs from control (non-defeated) WT or
GSKI mice. We found that WT synapses
displayed more inwardly rectifying re-
sponses at baseline in comparison with
GSKI synapses, which displayed linear
I–V curves (Figs. 2A,B), suggesting that
the contribution of CP-AMPARs to base-
line synaptic responses in the NAc dif-
fered between WT and GSKI synapses. We
then probed functionally for the relative
content of CP-AMPARs at NAc synapses
by measuring the sensitivity of evoked
AMPAR-EPSCs (eEPSCs) to NASPM, a
selective antagonist of CP-AMPARs
(Isaac et al., 2007). In WT mice, NASPM
significantly decreased the average ampli-

tude of eEPSC, whereas in GSKI mice, the average amplitude of
eEPSCs at NAc synapses was largely unaffected by NASPM (Fig.
2C,D). We asked further whether D1R- or D2R-SPNs differed in
their NASPM sensitivity by repeating these experiments on D1R-
SPNs (tdTomato-positive) or putative D2R-SPNs (tdTomato-
negative; Matikainen-Ankney et al., 2016), but found no
significant SPN subtype-specific differences in NASPM sensitiv-
ity [normalized eEPSC average amplitude for GSKI D1R-SPNs:
� � 1.306 
 0.314, n � 6(4); GSKI D2R-SPNs: � � 0.464 

0.195, n � 4(4); p � 0.0811, F � 3.896, Student’s t test]. Insensi-
tivity to NASPM suggests that GSKI synapses in the NAc mostly
lack CP-AMPARs. This was not due to overt differences between
genotypes in expression levels of AMPAR subunits, because
Western blot analyses of total striatal lysates and synaptoneuro-
somes and immunofluorescence analyses showed that WT and
GSKI mice expressed similar levels of GluA1 and GluA2 (Fig. 3)
the major AMPAR subunits in striatum (Reimers et al., 2011).
Previous studies have shown that the lack of CP-AMPARs corre-
sponds to lower sEPSC amplitudes (Liu and Cull-Candy, 2000).
Consistent with this, whole-cell recording from WT or GSKI
SPNs in the NAc showed that GSKI sEPSC amplitudes were sig-
nificantly lower in comparison with WTs (Fig. 2E–G). There was
no significant difference between genotypes in frequency [WT:

Figure 3. G2019S mutation does not alter glutamatergic receptor subunit expression. Blots for GluA1, GluA2, and actin protein
levels in total (T) and synaptic (S) fractions (A). B, Dotted bar graphs showing quantification of data shown in A; no significant
differences seen in either GluA1 or GluA2 levels in total or synaptic fractions across genotypes. Within genotype, both GluA1 and
GluA2 show significant synaptic enrichment compared with total fractions as expected (ANOVA, p 	 0.0001; n � 4 per genotype).
C, Single optical images acquired with a 63� objective (left) and after threshold was applied (right). Bar graph (D) of puncta area
and density for WT and GSKI NAc GluA2. There were no significant differences between WT and GSKI, n � 3– 4 animals per
genotype, p � 0.2955 for area, and p � 0.7226 for density.
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� � 2.163 
 0.0237, n � 9(4); GSKI: � � 2.487 
 0.559, n �
15(5), p � 0.6697, F � 9.263, Student’s t test]. Together, these
experiments suggest that mutant striatal synapses are dominated
at baseline by calcium-impermeable AMPAR subunits, a signifi-
cantly altered AMPAR subunit stoichiometry in comparison with
WT synapses.

Given that mutant NAc synapses displayed a significantly dif-
ferent AMPAR composition at baseline, we next probed how
AMPAR stoichiometry changed functionally in response to
CSDS. In WT mice, those that are susceptible to CSDS acquire
more inwardly rectifying AMPARs and gain NASPM sensitivity
in comparison with those that are resilient (Vialou et al., 2010;
Lim et al., 2012), reflecting a greater incorporation of synaptic
CP-AMPARs (Jonas et al., 1994; Bowie and Mayer, 1995; Kamboj
et al., 1995). As expected, SPNs from susceptible WT mice exhib-
ited greater inwardly rectifying AMPARs compared with those of
resilient WT mice (Fig. 4A,B). In GSKI mice that underwent
CSDS, SPNs displayed I–V curves that were similar to WT resil-
ient mice (Fig. 4B), highlighting a similar synaptic hallmark of
resiliency between mutant and WT mice. Additionally, we found
a significant inverse correlation between average RI and SI ratio
across defeat-experienced and control groups of each genotype
(Fig. 4C). For WT mice, this suggests that synaptic incorporation
of CP-AMPARs drives, at least in part, susceptibility to CSDS

(Vialou et al., 2010). Conversely, the absence of significant num-
bers of susceptible GSKI mice may reflect mutant glutamatergic
striatal synapses that mostly lack CP-AMPARs and are unable to
incorporate them.

Loss of bidirectional synaptic plasticity at corticostriatal
synapses in GSKI mice
Striatal glutamatergic synapses on SPNs are normally capable of
bidirectional changes in strength. LTP requires postsynaptic
NMDARs and is associated with postsynaptic incorporation of
CP-AMPARs (Kreitzer and Malenka, 2008; Ma et al., 2018).
Long-term depression (LTD) requires postsynaptic mGluR sig-
naling for induction, but is expressed presynaptically through
endocannabinoid receptor 1 (eCB1)- or Adenosine A1 receptor-
dependent reduction in the probability of neurotransmitter re-
lease from corticostriatal terminals (Kreitzer and Malenka, 2008;
Trusel et al., 2015). The altered AMPAR composition at NAc
synapses and the lack of inwardly rectifying modifications follow-
ing CSDS suggest that synaptic plasticity mechanisms that de-
pend on postsynaptic AMPAR composition and trafficking (e.g.,
LTP) are fundamentally altered in GSKI mice. To test this, we first
confirmed that WT corticostriatal synapses display NMDAR-
dependent LTP using an LTP-pairing protocol in slices taken
from animals aged 3 weeks and 10 weeks (Feldman, 2000; Fig.

Figure 4. GSKI SPNs fail to accumulate CP-AMPARs post-CSDS. A, Sample traces of evoked AMPAR currents recorded from NAc SPNs at two membrane potentials. Recordings were done on mice
post-CSDS from WT (gray) or GSKI (blue). B, AMPAR I–V relationships for SPNs recorded from WT susceptible (sus) or resilient (res) or from GSKI mice post-CSDS. Susceptible WT mice show
pronounced inward rectification, as expected, while GSKI mice and resilient WT mice show mostly linear I–V curves. C, Scatter plot of SI ratio versus rectification index. Linear regression analysis
revealed a significant inverse correlation ( p � 0.0142, r 2 � 0.2256, Pearson correlation, n � 26 mice). Mice with the three highest and three lowest SI ratios from each group were selected for
recording. n � 8 –20 cells from 4 to 10 mice per group.
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5A,C,E). In contrast, the same LTP-pairing protocol applied to
GSKI SPNs failed to induce LTP, and instead abnormally elicited
LTD at both ages (Fig. 5B,C,E). To determine whether such ab-
normally elicited LTD was specific to D1R- or D2R-SPNs, we
repeated these experiments in GSKI mice that were crossed to
reporter lines of mice expressing either tdTomato in D1R-SPNs
or expressing eGFP in D2R-SPNs. We found that both D1R- and
D2R-SPNs failed to display LTP, but only the D2R-SPNs exhib-
ited abnormal LTD elicited by the LTP-pairing protocol (Fig.
5D). Together, these data reveal that GSKI striatal synapses ex-
hibit abnormally unidirectional synaptic plasticity.

Discussion
We combined behavioral and electrophysiological interrogation
of knock-in mice carrying the PD-associated Lrrk2-G2019S mu-
tation to demonstrate that young adult male G2019S mice are
unusually resilient to chronic social defeat stress, a paradigm that
models core features of depression in humans (Kudryavtseva et
al., 1991; Berton et al., 2006; Krishnan et al., 2008). Despite daily
physical subordination, mutant mice failed to exhibit social
avoidance and anhedonia-like behaviors. This is striking because
a significant proportion of WT mice undergoing CSDS become

Figure 5. Subtype-specific disruption in bidirectional synaptic plasticity in G2019S SPNs. A, WT SPNs recorded in dorsomedial striatum from P21 mice. Plots show EPSC amplitudes and input
resistance as a function of time. LTP was induced by pairing brief depolarization (horizontal bar, 0 mV) with continuous corticostriatal presynaptic stimulation (0.1 Hz). Sample traces are averages
of EPSCs from representative areas in the plot graph (a, baseline; b, post-pairing). B, GSKI SPNs recorded in dorsomedial striatum from P21 mice. The LTP protocol abnormally produced LTD. Plot
shows reduction of EPSC amplitudes following pairing (horizontal bar, 0 mV). Sample traces are averages of EPSCs from representative areas in the plot (c, baseline; d, post-pairing). C, Normalized
EPSC amplitudes of WT (gray) or GSKI (blue) SPNs from P21 mice at baseline and following pairing (horizontal bar, 0 mV). Data are normalized to WT baseline [n � 6(3)], GSKI[n � 6(3); p � 0.0001,
F � 332.6 for genotype main effect]. Symbols represent the averages of 6 trials. LTP induced in WT SPNs was NMDAR-dependent (half-grey, half-white symbols), because it was blocked completely
by APV [40 �M; n � 4 (2), p � 0.0001, F � 773.1, for pharmacologic main effect]. D, In response to the LTP-pairing protocol, GSKI D1R-SPNs remain unchanged from baseline [black circles,
normalized traces of D1R-SPNs; n � 6 (5), p � 0.0001, F � 33.05 for genotype main effect]. In contrast, D2R-SPNs show LTD [white circles, normalized traces of D2R-SPNs; n � 3(2)]. Representative
traces show average EPSCs before (gray) and after (black) applying the LTP-induction protocol to D1R- or D2R-SPNs. Two-way ANOVAs were conducted in C and D. E, Graph showing the effect of
LTP-protocol on P70 WT and GSKI SPNs (both D1R and D2R SPNs). LTP was induced in all WT cells [gray squares; n �4(4)], whereas the LTP-protocol abnormally elicited modest LTD in GSKI SPNs [blue
circles; n � 5(3), p � 0.0001, F � 175.3 for genotype main effect]. Insets, Averaged EPSC traces during baseline and after pairing. GBZ (10 �M) was applied throughout. Error bars indicate SEM.
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stress-susceptible to social defeat, display-
ing prominent social avoidance (Fig. 1;
Golden et al., 2011). We found that gluta-
matergic synapses in the NAc of mutant
mice lacked functional CP-AMPARs, and
following CSDS, failed to accumulate in-
wardly rectifying AMPAR responses char-
acteristic of susceptible mice (Vialou et
al., 2010). Further, persistent synaptic
modifications of corticostriatal synaptic
strength were perturbed in mutant mice.
Both D1R- and D2R-SPNs in the mutants
were unable to express LTP, with the latter
abnormally expressing LTD following an
LTP-induction protocol. Together, these
data indicate that the G2019S mutation
exerts significant effects on behavioral re-
sponses to social stress in young adult-
hood, which in turn may reflect mutant
synapses constrained in their ability to
undergo experience-dependent plasticity
(Fig. 6).

Our results provide important new in-
sight into when and in what ways the
G2019S mutation affects complex behav-
iors, and suggest that the G2019S muta-
tion exerts a lifelong influence on brain
and behavior. This is an important dis-
tinction because it is often tacitly assumed
that in human late-onset PD, the time at
which genetic or other causative factors first co-opt cell and cir-
cuit function is at onset of the prodromal phase (Hawkes, 2008),
which commences in midlife before motor abnormalities (Hawkes
et al., 2010; Pont-Sunyer et al., 2015). Despite strong evidence
from mouse models that G2019S significantly alters corticostria-
tal synaptic structure and function by three postnatal weeks
(Matikainen-Ankney et al., 2016; Volta et al., 2017), previous
behavioral investigations of G2019S knock-in or overexpression
mutants have largely failed to uncover significant behavioral phe-
notypes, other than mild hyperkinesis, in mice younger than
10 –12 months of age (Longo et al., 2014; Volta et al., 2015, 2017;
Yue et al., 2015; Lim et al., 2018). Our data suggest that robust
behavioral abnormalities become evident at young ages in mu-
tants only after a significant, experience-dependent challenge,
such as that sustained by repeated bouts of social stress. Indeed,
we found that in the absence of CSDS, the G2019S mice were
indistinguishable from WT mice across a variety of behavioral
domains, including social interaction, anxiety, exploratory/loco-
motor activity, self-care, anhedonia-like behavior, and motor skill
learning. That the young mutant mice displayed robust resil-
ience, not susceptibility, to CSDS was unexpected given that psy-
chiatric symptoms, including depression and anxiety, are
prominent non-motor symptoms of PD (Ishihara and Brayne,
2006; Gaig et al., 2014). This may indicate an early, initially adap-
tive albeit abnormal coping mechanism imparted by the muta-
tion that over time becomes maladaptive, leading to prodromal
psychiatric symptoms and subsequent motor dysfunction. The
neurobiology underlying any such transition is unknown, but
may involve progressive G2019S-driven pathological changes to
dopamine (Ramonet et al., 2011; Yue et al., 2015; Pan et al., 2017;
Volta et al., 2017; Xiong et al., 2018), serotonin (Lim et al., 2018),
or other systems colluding with the mutation-driven abnormal-

ities in glutamatergic synaptic function. Recently, transgenic
mice overexpressing human LRRK2-G2019S were described as
displaying anxiety and depression-like behaviors starting at 10
months of age (Lim et al., 2018). These data are difficult to inter-
pret however, because overexpression of WT or mutant
LRRK2 is toxic to neurons (Skibinski et al., 2014) and control
mice overexpressing human WT LRRK2 were not examined. It
will also be important in future studies to examine behavioral
consequences of G2019S in young female mice. Synaptic ab-
normalities in young male and female mutants have been
identical (Matikainen-Ankney et al., 2016), so behavioral re-
sponses may be similar as well.

Our data also reveal baseline synaptic abnormalities in young
adult mutants that may underlie altered behavioral adaptations
to stress or other challenges. We found that NAc synapses in
unstressed control mutant mice lacked functional CP-AMPARs
as indicated by AMPAR currents that were insensitive to NASPM
and displayed linear I–V relationships. This suggests that synaptic
trafficking of CP-AMPARs is impaired in mutants, because ex-
pression levels of GluA1 and GluA2 were similar between geno-
types. Such a deficit would be expected to impact the acquisition
of social avoidance following CSDS, and, more broadly, could have
potential relevance to other striatal circuit-based PD-related pheno-
types. It has been shown that NAc synapses of susceptible mice can
be distinguished from those of resilient mice by the accumulation
of inwardly rectifying, NASPM-sensitive AMPAR currents (Via-
lou et al., 2010), an indication of synaptic incorporation of CP-
AMPARs (Isaac et al., 2007). Our data were consistent with this,
as susceptible WT mice acquired inwardly rectifying AMPARs as
expected, whereas GSKI mice post-CSDS displayed linear AM-
PAR I–V curves similar to resilient WT mice. Further, correlation
analyses suggest that incorporation of CP-AMPARs drives social

Figure 6. Schematic summary comparing behavioral and plasticity differences between WT striatal synapses (left) and GSKI
striatal synapses (right). WT striatal synapses acquire CP-AMPARs in mice susceptible to CSDS or during LTP. In contrast, GSKI
striatal synapses fail to accumulate CP-AMPARs at baseline, following CSDS, or in response to an LTP-induction protocol. Thus
GSKI mice remain resilient to CSDS and fail to express LTP.
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avoidance following CSDS (Fig. 4C; Vialou et al., 2010), which
may indicate that for young adult GSKI mice, it is the inability to
acquire CP-AMPARs that renders them, at least in part, incapable
of social avoidance following CSDS (Fig. 6). Although this re-
mains to be tested, resilience to CSDS is not simply an absence of
susceptibility; both resilience and susceptibility to CSDS are ac-
tive processes of genetic, epigenetic, biochemical, and synaptic
adaptations involving several interconnected cortical and sub-
cortical brain structures including the NAc (Russo et al., 2012).
Further studies will be required to show whether resilience dis-
played by GSKI mice reflects similar or novel adaptations to those
of resilient WT mice.

An AMPAR trafficking defect could also underlie the inability
of GSKI corticostriatal synapses to express LTP (Fig. 6). It has
been shown that electrical stimulation of corticostriatal afferents
paired with depolarization of dorsomedial SPNs elicited
NMDAR-dependent LTP associated with synaptic incorporation
of CP-AMPARs; when such LTP was blocked with NMDAR an-
tagonists, an eCB1-dependent LTD resulted instead (Ma et al.,
2018). Our observation in the mutants that LTD resulted when
LTP failed is consistent with the idea that postsynaptic LTP and
presynaptic LTD could be elicited at SPN synapses contempora-
neously, with LTP dominating unless blocked (Lovinger, 2010;
Augustin et al., 2014; Ma et al., 2018). Other studies have shown
that LTD is generally harder to elicit in D1R-SPNs (Kreitzer and
Malenka, 2007), requiring the presence of D1R-antagonists (Shen
et al., 2008) or muscarinic M4 receptor agonists (Shen et al., 2015)
during induction, which might explain why abnormal LTD was
readily elicited only in mutant D2R-SPNs. In general, circuit-
specific enhancement of glutamatergic transmission in the NAc
has been associated with depression-like behavior after chronic
stress (Vialou et al., 2010; Lim et al., 2012; Bagot et al., 2015;
Christoffel et al., 2015). The inability of corticostriatal inputs to
elicit, at baseline, long-lasting strengthening of synaptic drive
onto either D1R- or D2R- SPNs in the mutants may be contrib-
uting to their pronounced resilience following CSDS, though fur-
ther studies are warranted. A limitation of our study is that
synaptic plasticity deficits were investigated in dorsomedial stria-
tum, not in the NAc. Although this gave us control over the
identity of the presynaptic inputs that were potentiated, pathway-
specific analyses of NAc inputs, by optogenetics for example, will
be required to verify plasticity deficits at identified NAc synapses.
This is potentially important, because differences between dorsal
and ventral striatum in transmitter-specific coupling have been
described that could affect plasticity (Marcott et al., 2018). On the
other hand, there is evidence for involvement of dorsal striatum
in depression-like behaviors in mice and humans. Previous stud-
ies in mice have shown that CSDS increases expression of the
transcription factor delta-FosB in dorsomedial striatum (Cooper
et al., 2017) and functional imaging studies in humans show
altered dorsal striatal connectivity in patients with depression
(Furman et al., 2011; Gabbay et al., 2013; Kerestes et al., 2015).
These data suggest that synaptic and cellular plasticity mecha-
nisms in dorsomedial striatum require further investigation in
the context of depression and anhedonia-like behaviors.

Molecularly, mutant LRRK2 may affect AMPAR trafficking
through its phospho-targets Rab8a (Steger et al., 2016), a small
GTPase that mediates synaptic insertion of AMPAR subunits
(Gerges et al., 2004; Brown et al., 2007), or N-ethylmaleimide-
sensitive factor (NSF; Belluzzi et al., 2016), which controls GluA2
insertion (Nishimune et al., 1998). Additionally, LRRK2 binds to
the regulatory subunit of cAMP-dependent protein kinase A
(PKA) and negatively regulates its activity (Parisiadou et al., 2014;

Greggio et al., 2017). This pathway is an essential signaling path-
way for bidirectional plasticity in both striatal subtypes (Lerner
and Kreitzer, 2012; Tritsch et al., 2012; Augustin et al., 2014).
Thus, the loss of bidirectional plasticity in both D1R- and D2R-
SPNs in G2019S mice might reflect a common, mutation-driven
alteration in PKA signaling that mechanistically impairs insertion
of CP-AMPARs under conditions of behavioral and synaptic
plasticity (Fig. 6).

Our study reveals a novel, LRRK2-dependent mechanism that
supports behavioral resilience, alters glutamate receptor signal-
ing and underlies abnormal synapse plasticity in young adult
mice. The actions of mutant LRRK2 in young animals suggest
that there may also be predictable differences in responses to
stress in humans carrying the G2019S mutation, long before the
canonical PD motor symptoms appear. Additionally, the data
suggest that striatal behavioral plasticity may be altered funda-
mentally by the presence of the G2019S mutation in ways that
would be expected to impact treatment strategies for non-motor
symptoms like depression that accompany PD.
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Cooper SE, Kechner M, Caraballo-Pérez D, Kaska S, Robison AJ, Mazei-
Robison MS (2017) Comparison of chronic physical and emotional so-
cial defeat stress effects on mesocorticolimbic circuit activation and
voluntary consumption of morphine. Sci Rep 7:8445– 8459. CrossRef
Medline

Feldman DE (2000) Timing-based LTP and LTD at vertical inputs to layer
II/III pyramidal cells in rat barrel cortex. Neuron 27:45–56. CrossRef
Medline

Fino E, Deniau JM, Venance L (2008) Cell-specific spike-timing-dependent
plasticity in GABAergic and cholinergic interneurons in corticostriatal rat
brain slices. J Physiol 586:265–282. CrossRef Medline

Francis TC, Lobo MK (2017) Emerging role for nucleus accumbens me-
dium spiny neuron subtypes in depression. Biol Psychiatry 81:645– 653.
CrossRef Medline

Francis TC, Chandra R, Friend DM, Finkel E, Dayrit G, Miranda J, Brooks JM,
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